[1] Two high-resolution magnetic records of the Matuyama-Brunhes (M-B) transition have been obtained from Xifeng and Baoji loess-paleosol sequences in the Chinese Loess Plateau. The results of stepwise thermal and alternating field (AF) demagnetizations confirm that both treatments are effective in isolating characteristic remanent magnetization (ChRM) from specimens of loess-paleosol sediments which suffer from weak pedogenesis, and that AF demagnetization clearly fails to isolate ChRM from specimens of paleosol sediments which have undergone strong pedogenesis. On the basis of virtual geomagnetic pole latitudes crossing the virtual geomagnetic equator, the M-B transition involves at least 15 rapid polarity swings. Rock magnetic experiments and anisotropy of low-field magnetic susceptibility show that high-frequency polarity swings during the M-B transition cannot be attributed to rock-magnetic and/or sedimentary causes. Extrapolating a constant accumulation rate between the Jaramillo-Matuyama and M-B boundary ages, the M-B transition interval of both the Xifeng and Baoji sections is estimated to have a duration of more than 10 kyr. Durations of each short polarity interval are estimated to range from about 0.3 to 5.6 kyr. Our new results, combined with previous paleomagnetic observations from lavas and marine sediments, suggest that multiple rapid polarity swings occurred during the M-B transition.
Introduction
[2] A prominent and important feature of Earth's magnetic field is the reversing of its polarity. A number of polarity reversals have occurred at intervals of 10 4 to 10 7 years in the past [Cande and Kent, 1995] , but the reversal mechanism is still not completely understood, even for the last reversal, the Matuyama-Brunhes (M-B). Marine sediments, usually dated with good quality age control, provide relatively continuous records of the geomagnetic field. They have, therefore, been the main source for the M-B transition records in previous studies [Love and Mazaud, 1997] . Their major drawback is that high-frequency field changes are easily smoothed out owing to low accumulation rates and a filtering effect of postdepositional remanent magnetization process [Hyodo, 1984] . Thus, low-sedimentationrate (1-4 cm/kyr) deep-sea paleomagnetic records typically do not show multiple polarity fluctuations during the M-B transition [e.g., Clement and Kent, 1991; Hartl and Tauxe, 1996] . Some M-B polarity transition records from highsedimentation-rate (10 cm/kyr or more) marine sediments have yielded at least three rapid polarity flips [e.g., Oda et al., 2000; Yamazaki and Oda, 2001; Channell et al., 2004; Hyodo et al., 2006] . Notably, a high-resolution record from an Osaka Bay sediment core, which has an average accumulation rate of 50-60 cm/kyr above the Jaramillo subchron [Biswas et al., 1999] , contained at least 11 rapid polarity swings, 9 of which occurred during the M-B transition on the basis of characteristic remanent magnetization (ChRM) inclinations crossing the virtual geomagnetic equator [Hyodo et al., 2006] . The number of M-B transition polarity swings in this record increases to 17 if the count is based on the virtual geomagnetic pole (VGP) latitude crossing the virtual geomagnetic equator calculated with corrected declinations [see Hyodo et al., 2006, Figure 8e] . Clearly more high-resolution records are needed to document the highfrequency polarity swings during the M-B transition.
[3] Eolian sediments preserved in north and northwest China are good archives for paleoclimatic and paleomagnetic changes during the last 2.6 Myr [e.g., Heller and Evans, 1995] , as well as earlier times [e.g., Guo et al., 2002] . Over the last two decades, major magnetic polarity zones from the Gauss to the Brunhes [e.g., Zheng et al., 1992; Sun et al., 1998 ] and geomagnetic excursions such as the Mono Lake [Zhu et al., 1999 [Zhu et al., , 2000 Pan et al., 2002] , Laschamp [Zhu et al., 1999 [Zhu et al., , 2000 Pan et al., 2002] , Blake [Zhu et al., 1 1994; Zheng et al., 1995; Fang et al., 1997; Pan et al., 2002] , "unknown" [Lund et al., 2006, 11a; Pan et al., 2002; Yang et al., 2007a] , Santa Rosa [Pan et al., 2002; Yang et al., 2004] , Punaruu [Pan et al., 2002; Yang et al., 2005] , and Renion [Liu et al., 1988a; Zheng et al., 1992; Sun et al., 1998; Yang et al., 2007b] have been well documented at multiple sites in the Chinese Loess Plateau (CLP). The observations of many short-lived geomagnetic excursions show that Chinese loess sediments have the potential to resolve intervals as short as a few kyr or less. Furthermore, some studies have shown that loess sediments can even record paleomagnetic secular variations (PSV) [Heslop et al., 1999; Zhu et al., 2000; Liu et al., 2005] . For example, Heslop et al. [1999] reported a high-resolution magnetic record from a thick late glacial loess deposit located at Caoxian. This record showed a PSV of inclination and declination, with amplitude of 20°to 30°, which corresponded to historical observatory records. This PSV record implies that at least some loess sediments acquire a remanence within decades to centuries after deposition .
[4] In this study we document two high-resolution M-B transition records. One is from the Baoji section where pedogenesis within loess L8 is quite weak [Yang et al., 2007a] . The other is from the Xifeng section, located about 6 km east of the Xifeng section reported by Liu et al. [1988a] .
Sampling Locations and Specimen Process
[5] The Baoji section lies in the southern part of the CLP, north of the Qinling mountains (Figure 1 ) is located at Linghui village (34.41°N, 107.12°E), about 5 km north of Baoji and 200 km west of Xi'an, Shaanxi province. This section is about 160 m thick and consists of 37 loesspaleosol layers overlying the Pliocene red clay. The Xifeng section lies near the center of the CLP, and is located at Hujiayaoxian village (35°45′ N, 107°49′ E), about 20 km east of Xifeng, Gansu province. Our sampling site was previously referred to as XIFENG II [Kukla and An, 1989] .
[6] After removing the surface layer to a depth of 30-50 cm, a continuous series of oriented block samples (each 20 cm high) were collected. In the laboratory each block was cut into cubes 2.2 cm on a side using a knife, and then smoothed into 2 × 2 × 2 cm 3 specimens using sandpaper. A total of 469 specimens were used for paleomagnetic measurements, 193 specimens from the Baoji section and 276 specimens from the Xifeng section. 45 samples from the Baoji section and 237 specimens from the Xifeng section were used for rock-magnetic experiments.
Paleomagnetic Results
[7] Representative demagnetization diagrams of specimens from the Xifeng and Baoji sections are summarized in Figures 2 and 3. For specimens from the Xifeng section, thermal demagnetization (ThD) is effective in isolating two clear magnetization components. A low temperature component (LTC) is clearly removed by 200-250°C for loess specimens (Figures 2b-2i ) and by 250-300°C for paleosol specimens (Figures 2j-2s ). The LTC is consistent with the present geomagnetic field direction, suggesting that it is a secondary viscous remanent magnetization of the present geomagnetic field direction. After removing the LTC, a high temperature component (HTC) that decays toward the origin is isolated between 200-300°C and 600°C. HTCs include normal (Figures 2a, 2c, 2f, 2h, 2k, 2m, 2p, and 2r), reversed (Figures 2b, 2d, 2g, 2j, 2l, 2o, 2q, and 2s) , and transitional (Figures 2e, 2i, and 2n) polarities. AF treatment failed to isolate the ChRM directions of reversed polarities from paleosol S8 which has undergone strong pedogenesis (Figure 2t ). For all the magnetic results presented in Figure 4 , thermal treatment was performed to isolate the ChRM directions.
[8] For specimens from the Baoji section, both thermal and alternating field (AF) treatments were effective in isolating (a, c, f, h, k, m, p, r) normal, (b, d, g, j, l, o, q, s) reversed, and (e, i, n) transitional specimens from the Xifeng section. The solid and open symbols represent the projections onto the horizontal and vertical planes, respectively. The specimen in graph (t) was performed a stepwise AF treatment, and others were performed a stepwise ThD treatment. (a, c, f, h, k, m, o, q) normal, (b, d, g, i, j, l, n, p, r, s) reversed, and (e) transitional specimens from the Baoji section. The solid and open symbols represent the projections onto the horizontal and vertical planes, respectively. The specimens in graphs (c, f, j, o, s) were performed a stepwise AF treatment, and others were performed a stepwise ThD treatment. Figure 4 , thermal demagnetization was performed to isolate the ChRM directions.
both LTC and HTC. The LTC is removed by ThD at 200°C or by AF in 10-15 mT, and it is again consistent with the present geomagnetic field direction. The HTCs decay toward the origin, and are determined between 200°C and 680°C or between 10-15 mT and 120 mT. They include normal (Figures 3a, 3c, 3f, 3h, 3k, 3m, 3o, and 3q), reversed (Figures 3b, 3d, 3g, 3i, 3j, 3l, 3n, 3p, 3r, and 3s) , and transitional (Figure 3e ) polarities. In a total of 193 specimens, 159 were subjected to thermal demagnetizations, and 34 were performed AF treatments.
[9] Stratigraphic plots of the magnetic results for the Xifeng and Baoji sections are summarized in Figures 4 and 5 , respectively. All of the ChRM directions were isolated using principal component analysis [Kirschvink, 1980] through at least five data points, and paleomagnetic data were analyzed using R. Enkin's and J.P. Cogné's computer program packages [Cogné, 2003] . For the Xifeng section, the ChRM directions were defined between 300°C and 600°C (Figure 2) , and for the Baoji section, they were defined between 200°C and 680°C or between 15 mT and 120 mT (Figure 3 ). Owing to weak remanence intensity, a few specimens display dispersed directions after stepwise ThD above 500°C (Figures 2n  and 3k ). In such cases, their ChRM directions constrained through the origin were defined between 300°C and 500°C. The MAD values are generally less than 10°. Both thermal and AF demagnetizations for Baoji specimens provide quite consistent results as shown in Figure 5 . Magnetostratigraphies from both Xifeng and Baoji sections clearly define the M-B transition. At Xifeng it is located around the L8-S8 boundary spanning an interval of about 156 cm (Figure 4 ), whereas at Baoji it is recorded in the middle-lower L8 spanning an interval of 78 cm ( Figure 5 ). The stratigraphic discrepancy of the M-B transitions is discussed below (section 8.1), and the difference in thickness can be attributed to the variations of accumulation rate and to the presence of brief hiatuses. In addition, the Baoji A excursion, which postdates the M-B reversal by 23-33 kyr [Yang et al., 2007a] , is not found at Xifeng. This may be attributed to a depositional hiatus, as suggested by an interval of poorly consolidated sediment (two block samples collected from such sediments around the S7-L8 boundary were shattered during transport), as in other loess sections where depositional hiatuses have occurred [e.g., Ding et al., 2002; Zhu et al., 2007] . On the basis of the VGP latitudes crossing the virtual geomagnetic equator, fourteen short polarity intervals associated with the M-B transition are identified for both Xifeng and Baoji sections. We tentatively name them XF 1 through XF 14 for the Xifeng section and BJ 1 through BJ 14 for the Baoji section. On the basis of similar thicknesses of the short polarity intervals, we suggest a possible correlation of these intervals between the two sections ( Figure 6 ). Intervals of XF 1 to XF 6 and XF 8 to XF 12 at Xifeng can be matched with those of BJ 1 to BJ 6 and BJ 10 to BJ 14 at Baoji, respectively. Interval XF 14 is not observed at Baoji, and interval BJ 8 is not identified at Xifeng. It should be noted that both of these intervals are only 2.5 cm thick, and therefore they may have been missed in our paleomagnetic survey, which collected samples 2.5 cm intervals.
Anisotropy of Magnetic Susceptibility Analyses
[10] AMS parameters, especially inclinations of the maximum (K1) and minimum (K3) AMS axes, are often used to detect possible disturbances of the sediment fabric [e.g., Marino and Ellwood, 1978; Zhu et al., 2006] . To check for postdepositional disturbances of the sedimentary fabric, most specimens were subjected to AMS analysis before thermal demagnetization. Stratigraphic plots of K1 and P (the degree of anisotropy) are shown in Figures 4h, 4i , 5h, and 5i. The K1 inclinations of all specimens are horizontal, indicating a normal sedimentary fabric without disturbance or distortion. Liu et al. [1988b] observed that redeposited loess has a higher P (1.032 ≤ P ≡ K max /K min ≤ 1.064) than original wind-blown deposits (1.002 ≤ P ≤ 1.032). In our results, all specimens have P values significantly less than 1.032 (Figures 4i and 5i ), suggesting that they preserve their original structure. Therefore, it is highly unlikely that the observed multiple short-term polarity swings around the M-B transition are due to distortions of sedimentary structure and/or errors during sample processing.
Isothermal Remanent Magnetization Acquisition and Thermomagnetic Analyses
[11] To assure that the observed rapid polarity swings during the M-B transition are not caused by variations in magnetic mineralogy, rock-magnetic analyses were performed on normal, reversed and transitional specimens, and the results are summarized in Figures 7 and 8.
[12] Stepwise acquisition of IRM from the Xifeng and Baoji sections shows a quick increase below 200 mT (Figure 7) , showing that low coercivity magnetic carriers are dominant. IRM intensity increases slowly above 200 mT, but saturation is not fully reached even at 2.7 T. These features indicate the presence of high-coercivity magnetic carriers. IRM of the Xifeng specimens shows a more rapid increase than that of the Baoji specimens, and progressive removal of saturation IRM (SIRM) by applying reverse fields clearly shows that the coercivity of paleosol S8 is lower than that of loess L8 ( Figure 7 ). These results indicate that pedogenesis produced low-coercivity ferromagnetic minerals [e.g., Zhou et al., 1990] . Figure 7 also shows that the coercivity of Baoji specimens is generally higher than that of Xifeng specimens, which agrees well with the lowfield susceptibility (c) results in Figures 4a and 5a where both loess L8 and paleosol S8 at Xifeng suffer from stronger pedogenesis than those at Baoji (Figures 3a and 4a ). Within each section, the IRM acquisition experiments of normal, reversed and transitional specimens show very uniform curves with similar coercivity values ( Figure 7 ). In addition, the thermomagnetic curves show that all specimens have similar characteristics (Figure 8 ), and the Curie temperatures of magnetite and hematite are observable in all curves. These rock-magnetic results do not support the possibility that the polarity changes during the M-B transition are caused by differences in the magnetic carriers.
Stratigraphic Variations of Magnetic Parameters
[13] To check if the observed polarity swings are correlated with magnetic properties, we further investigated the stratigraphic variations of several common magnetic parameters (Figure 9 ), such as the concentration-dependent parameters c (the most extensively used proxy of pedo- genesis), F factor (defined as (c lf − c hf )/c lf × 100%, where c lf and c hf are susceptibility measured at dual frequencies), anhysteretic remanent magnetization (ARM) and SIRM, and the magnetic grain-size-dependent parameter ARM/SIRM [Verosub and Roberts, 1995] .
[14] In sediments with high concentrations of ferromagnetic minerals (magnetite and/or maghemite) and with small contributions of antiferromagnetic minerals (hematite), c, F factor and ARM primarily reflect the variations in concentration and grain size of ferromagnetic minerals, whereas SIRM can be affected by both ferromagnetic and antiferromagnetic minerals. The reason for the latter is that as the concentration of antiferromagnetic minerals increases, SIRM becomes more sensitive than c, F factor and ARM to variations in the concentration of antiferromagnetic minerals. For the Xifeng section, the concentration-dependent parameters c, F factor, ARM and SIRM and the magnetic grain-size-dependent parameter ARM/SIRM exhibit very similar stratigraphic variation (Figure 9 ). In paleosols S7 and S8, however, the F factor displays a noticeably smaller amplitude of variation than the other parameters. This may be attributed to a slower increase when the F factor is close to saturation at ∼10% [Heller et al., 1991] . Figure 9 shows that all magnetic parameters are significantly higher in paleosols S7 and S8 than in loess L8, which suggests that pedogenesis in paleosols S7 and S8 produced significant amounts of fine-grained ferromagnetic minerals [e.g., Liu et al., 2007] . Thus pedogenesis governs the parallel variations of the Xifeng magnetic parameters (Figure 9 ). In contrast to the record at Xifeng, in the Baoji section SIRM and ARM/SIRM variation is not parallel to the c and ARM record. This can be attributed to weak pedogenesis at Baoji as shown by the c data ( Figure 9) . Because of the very minor contribution of pedogenic fine-grained maghemite, SIRM variation mainly reflects the concentration of detrital hematite. Therefore, at Baoji, hematite contributes significantly to natural remanent magnetization (NRM).
[15] A plot of c ARM (DC field-normalized ARM) versus c can be used to analyze the relative grain size variation of ferromagnetic minerals [King et al., 1983] . These show (Figure 10 ) that c ARM and c have a strong linear relationship in both the Xifeng (R 2 = 0.994, N = 227) and Baoji (R 2 = 0.887, N = 34) sections, and that the particle sizes from the M-B transition samples (open symbols) are uniform, and consistent with those from the Matuyama reversed and Brunhes normal polarity samples (solid symbols). We also note that at Xifeng the NRM intensity and c show a strong linear relationship (Figures 4 and 11) , whereas at Baoji they do not (Figures 5 and 11) . These results, together with absence of correlation between any of the magnetic parameters and polarity swings during the M-B transition (Figure 9 ), do not support the idea that high-frequency polarity changes resulted from rapid fluctuations in either grain size or intensity of pedogenesis.
Paleointensity Proxy
[16] Variation in the concentration-dependent parameters c, ARM, and SIRM and in the magnetic grain-sizedependent parameter ARM/SIRM is less than a factor of 3 ( Figure 9 ). This is well within the factor of 10 proposed as upper limit for relative paleointensity studies in sediments [Tauxe, 1993] . The magnetic uniformity of the studied sediments thus fulfills the criteria proposed for development of paleointensity proxies. Because c, ARM, and SIRM variation is highly parallel in our sections and only c has been measured for all samples, we will use NRM 300 /c (NRM intensity after thermal demagnetization at 300°C is normalized by c) as a proxy of paleointensity (Figure 9) .
[17] The results for both Xifeng and Baoji samples show that the NRM 300 /c and NRM 300 have the parallel stratigraphic variation, with the minimum intensities coexisting with the M-B transition and/or geomagnetic excursions (Figure 9 ). This is consistent with high-resolution marine paleointensity records that have shown that geomagnetic field intensity usually decreases sharply during polarity transitions and geomagnetic excursions [e.g., Guyodo et al., 1999; Kok and Tauxe, 1999; Dinarès-Turell et al., 2002] . It is worth noting that there are significant differences between the Xifeng and Baoji paleointensity records (Figure 9 ). At Baoji the intensity proxy is high during the late Matuyama chronozone, with a sudden intensity drop just before the M-B transition, whereas at Xifeng values were low during the late Matuyama chronozone, without a significant intensity decrease before the M-B transition. Further, at Xifeng where paleosols S7 and S8 suffer from strong pedogenesis, the NRM 300 for the Brunhes normal polarity interval has a good linear relationship with c; it is also much stronger in the Brunhes normal than in the Matuyama reversed polarity interval. At Baoji where paleosols S7 and S8 have undergone weak pedogenesis, the NRM 300 shows no linearity with c, and is weaker in the Brunhes chronozone than in the late Matuyama chronozone (Figure 9 ). However, the NRM 300 for the M-B transition zone in both sections shows no significant difference between normal and reverse polarity intervals ( Figure 6 ). As discussed in section 3, thermal demagnetization at 300°C isolates reliable ChRM directions from loesspaleosol samples (Figures 2 and 3) . The paleointensity proxies (NRM 300 and normalized NRM 300 ), on the other hand, do not seem to reflect the geomagnetic field strength faithfully, especially from the loess-paleosol sediments subjected to strong pedogenesis. These results are consistent with a previous study of the Lingtai loess section ].
Discussion

Pedostratigraphic Discrepancy of the M-B Transitions
[18] Loess units were mainly deposited during dry, cold, windy glacial periods with a significantly weakened summer monsoon, whereas paleosols were formed during interglacial periods when the intensity of summer monsoon was much greater [e.g., An et al., 1991; Liu and Ding, 1998 ]. In addition, the stronger winter monsoon during glacial periods transports larger grain-size sediments, and interglacial pedogenesis enhances magnetic susceptibility in sediment. Therefore, both c and quartz grain size have been widely used to correlate with marine oxygen isotope (d 18 O) records [e.g., Ding et al., 1994 Ding et al., , 2002 Heslop et al., 2000; Wang et al., 2006] , as well as to identify loess-paleosol boundaries. It should be noted that c often changes gradually, such as L8-S8 in the Xifeng section (Figure 4 ) and S7-L8 in the Baoji section (Figure 5 ), which causes difficulty in determining the exact loess-paleosol boundaries. In this study, we roughly define a loess-paleosol boundary as the depth midway between the highest and lowest c values. At Xifeng the S7-L8 and L8-S8 boundaries occur at depths of ∼1.7 and ∼3.8 m (Figure 4) , and at Baoji they lie at depths ∼1.8 and ∼4.3 m ( Figure 5) ; these levels are consistent with the loesspaleosol boundaries identified by color changes.
[19] The thickness and pedostratigraphic position of the M-B transition is clearly different when comparing the Xifeng and Baoji sites (Figures 4 and 5) . At Xifeng it spans the S8-L8 transition, while in Baoji it sits entirely within L8. The discrepancy can be attributed to local variations in pedogenesis and accumulation rates across the CLP.
[20] The degree of pedogenesis can clearly vary across the loess plateau, even though loess-paleosol units can be correlated between sections. For example, Sun et al. [2006] showed three magnetic susceptibility records from the sections of Luochan, Lingtai and Xifeng. At Luochan the c record has a clear peak within the loess L1 [see Figure 2 ]. This peak is comparable to that of the Holocene soil S0, and therefore should be identified as a paleosol unit, on the basis of the definition that units that have undergone pedogenesis similar to or stronger than S0 are classified as paleosols [Rutter et al., 1991; Ding et al., 1993] . At Lingtai and Xifeng, however, there is no peak within L1 stronger than that of S0 [see Sun et al., 2006, Figure 2] . Liu et al. [2008] compared the c and quartz (highly resistant to pedogenic alteration) grain size variation at Lingtai and Xifeng across units L8 and S8, and showed that the c profiles have different patterns, while the quartz grain size variations are similar [see Liu et al., 2008, Figure 2] . Notably, the stratigraphic position of the M-B transition agrees well between the two sections if it is based on quartz grain size stratigraphy, but does not agree if it is based on the c stratigraphy [Liu et al., 2008] . These studies show that c can be affected by variation in local pedogenic processes, perhaps associated with regional and/or local climate (precipitation) variability. In addition to c, accumulation rates in the Chinese loess-paleosol deposits show local variations. For example, accumulation rates in the Lingtai and Xifeng sections during the S5-S8 interval differ by about 20% (20 and 25 m, respectively), while the S0-S1 interval is about 10 m at both locations [see Sun et al., 2006 , Figure 2 ]. These observations show that the M-B pedostratigraphic discrepancy in our study could be attributed to local variations in both pedogenesis and accumulation rate. However, the actual synchronism of the geomagnetic feature recorded at the two sites should be confirmed by correlation of quartz grain size at the sites in the future.
Lock-in Depth
[21] In most marine records the M-B boundary occurs within interglacial marine isotope stage (MIS) 19 [e.g., Tauxe et al., 1996] , whereas in Chinese loess-paleosol records, it lies within the glacial loess layer L8 or in the uppermost interglacial paleosol S8 [e.g., Pan et al., 2002; Wang et al., 2006] . Most researchers correlate loess L8 and paleosol S8 to glacial MIS 20 and interglacial MIS 21 [e.g., Heslop et al., 2000; Ding et al., 2002; Sun et al., 2006] . Such climatological correlations imply that the M-B boundary has been offset downward when recorded in loesspaleosol sediments. This apparent downward shift together with different M-B boundary levels in the stratigraphy of the CLP have generated considerable discussion about the lockin depth of Chinese loess-paleosol sediments [Zhou and Shackleton, 1999; Heslop et al., 2000; Zhu et al., 2000; Pan et al., 2002; Spassov et al., 2003; Yang et al., 2004 Yang et al., , 2007a Liu et al., 2005 Liu et al., , 2008 Wang et al., 2006] . Zhou and Shackleton [1999] proposed that Chinese loess has a thick lock-in depth ranging from a few tens to over 300 cm, corresponding to an apparent time delay of a few thousand to over 30,000 years. On the basis of an assumption of a thick lock-in depth in Chinese loess, Spassov et al. [2003] proposed a model that remanence in loess-paleosol consists of a detrital (PDRM) and a pedogenic (CRM) component, which was used to explain the downward shift of the M-B boundary and the observation of multiple polarity flips during the M-B reversal.
[22] Although the exact magnetization process of loesspaleosol sediments is still unclear, a thick lock-in depth of up to 3 m is implausible for a number of reasons we will outline here.
[23] 1. Modern loess sediments sampled about 0.5 m below the modern surface show a locked-in stable remanence [e.g., Heslop et al., 1999; Pan et al., 2002] .
[24] 2. Many short-lived geomagnetic excursions have been observed at multiple sites in the CLP (as described in section 1) and they agree chronologically with those discovered globally in both volcanic and/or sedimentary paleomagnetic records [e.g., Zhu et al., 1999 Zhu et al., , 2000 Pan et al., 2002] . This is inconsistent with a thick lock-in depth for loess. In addition Yang et al. [2008] observed many shortlived polarity intervals around the upper Olduvai boundary in the Baoji loess section. Similar polarity intervals have been recorded in high sedimentation rate marine sequences (Wulochi, 400-500 cm/kyr [Lee, 1992] and Crostolo, ∼72 cm/kyr [Tric et al., 1991] ). These observations suggest that Chinese loess can resolve intervals as short as a few centuries, and that the lock-in depth of loess is less than 10 cm. This is consistent with the observation, based on PSV, that loess-paleosol sediments can acquire a remanence within decades to centuries after deposition .
[25] 3. Geochronology argues against a long time lag between sediment deposition and magnetic lock-in. Absolute dating indicates that no significant time delay occurs in loess L1 and paleosol S1 [Zhu et al., 1999; Pan et al., 2002] . The Mono Lake and Laschamp excursions in loess L1 were dated by 14 C and thermoluminescence (TL) methods at about 27 kyr and 42 kyr [Zhu et al., 1999 [Zhu et al., , 2000 , matching the widely accepted ages of 24-32 kyr for the Mono Lake and of 40-45 kyr for the Laschamp excursions [e.g., Langereis et al., 1997; Channell, 2006] . The Blake event recorded within paleosol S1 was dated on the basis of TL and on correlation with the oxygen isotope record to range from 117.1 ± 1.2 kyr to 111.8 ± 1.0 kyr [Zhu et al., 1994] and from 119.97 kyr to 114.47 kyr [Fang et al., 1997] . These ages are in agreement with the widely accepted 110-125 kyr [e.g., Langereis et al., 1997; Channell, 2006] .
[26] 4. Loess-paleosol NRM consists of a mixture of eolian (carrying DRM) and pedogenic (carrying CRM) sediments. The pedogenic CRM, a secondary component, simply superposes on the DRM without erasing the primary DRM. For example, the Blake event is observed at the bottom of the well-developed paleosol S1 with c values of about 300 × 10 −8 m 3 kg −1 suggesting strong pedogenesis [Pan et al., 2002] . Thus, even strong pedogenesis did not erase the Blake event DRM. A number of studies have shown that pedogenesis produces fine-grained maghemite that may carry CRM, and that magnetite and hematite are mainly detrital in origin and carry the DRM [e.g., Liu et al., 2007] . Owing to thermal decomposition of maghemite, a thermal demagnetization at 300°C is effective to remove the CRM component even for paleosol units that have undergone strong pedogenesis (Figures 2 and 3) .
[27] 5. There is no clear evidence in favor of a 3 m lock-in depth in loess. The thick lock-in depth proposed by Zhou and Shackleton [1999] is based on the conclusion of Li et al. [1993] that Chinese loess microtektites and Australasian microtektites are coeval. Loess microtektites 40-70 cm above the M-B boundary in upper L8 were thought to be magnetostratigraphically consistent with deep-sea microtektites [see Li et al., 1993, Figure 3] . However, high sedimentation rate localities have shown that deep-sea microtektites lie just below the M-B boundary [Schneider et al., 1992; Lee and Wei, 2000; Wang et al., 2000] , magnetostratigraphically inconsistent with loess microtektites. In addition, using geochemical data, Liu et al. [2008] have shown that the Chinese loess microtektites and Australasian microtektites have different origins. Therefore, we need to reevaluate this evidence as an argument for a thick lock-in depth for loess.
[28] 6. Wang et al. [2006] and Liu et al. [2008] have both proposed that paleosol S8, rather than paleosol S7, should be correlated with MIS 19. This correlation would imply no significant discrepancy in the M-B boundary between Chinese loess and marine records.
Duration Estimates of the M-B Transition and Short-Lived Polarity Intervals
[29] The duration of the M-B transition and its associated short-lived polarity intervals can be estimated by assuming a constant accumulation rate between the Upper Jaramillo (UJ) and M-B boundaries. For the Baoji section, Yang et al. [2004] places the M-B boundary at 1.0 m above the L8-S8 boundary and the UJ boundary at 15.1 m below the L8-S8 boundary. Our study agrees with this placement: our midpoint of the M-B transition lies at 0.9 m above the L8-S8 boundary. On the basis of these magnetostratigraphic data, an average sedimentation rate of 7.6 cm/kyr is obtained for the late Matuyama chron, very similar to the rate during the Brunhes chron (59.5 m/780 kyr) [Rutter et al., 1990] . For the Xifeng section, previous studies placed the M-B and UJ boundaries at 71.0 and 89.6 m below the platform surface, respectively [Liu et al., 1988a; Kukla and An, 1989] . These data provide an average sedimentation rate of 8.9 cm/kyr for the late Matuyama chron, again very similar to the 9.1 cm/ kyr observed during the Brunhes chron. Estimated duration of the M-B transition at Xifeng and Baoji is 17.4 and 10.3 kyr, respectively, and the durations of the short-lived polarity intervals range from 0.3 to 5.6 kyr ( Table 1 ). The M-B transition in the Xifeng section is about 7 kyr longer in duration than that of the Baoji section, which is most likely due to the lack of the lowermost short-lived polarity interval at Baoji and to variation in accumulation rate (Figure 6 ). Although the assumption of a constant accumulation rate seems to be valid for longer time intervals (glacial-interglacial cycles, for example), on shorter time scales rates may vary.
[30] The estimated duration (>10 kyr) for the M-B transition (Table 1) is slightly longer than most previous estimates [e.g., Love and Mazaud, 1997; Merrill and McFadden, 1999] , which are primarily based on deep-sea sediments records that poorly resolve short time intervals. The >10 kyr estimate, however, agrees well with a high-resolution transition record of rapidly deposited Osaka Bay sediment [Hyodo et al., 2006] . The transition resolves nine inclination reversals, measured across 640 cm of core within MIS 19. On the basis of the correlation between relative sea level changes drawn from diatom assemblage data and the astronomically calibrated marine oxygen isotope curve, the overall M-B transition defined by directional changes spans about 14 kyr [Hyodo et al., 2006] , which is comparable with ours.
[31] One should note that the duration of a geomagnetic polarity transition may change with site locations [Clement, 2004, Leonhardt and Fabian, 2007] . On the basis of analyses of sedimentary records, Clement [2004] showed that the duration of the M-B transition varies from 1 kyr to 11 kyr, with shorter durations observed at low-latitude sites, and longer durations observed at middle-to high-latitude sites. Leonhardt and Fabian [2007] reconstructed the spherical harmonic expansion of the M-B transitional field from paleomagnetic data by a Bayesian inversion method, and their results suggest that the reversal duration changes consider- ably not only with site latitudes, but with site longitudes, with long durations in Antarctica, America, Africa, and Asia.
Multiple Rapid Polarity Swings During the M-B Transition
[32] The high-resolution magnetostratigraphic results from Xifeng and Baoji show 14 short-lived polarity intervals occurred during the M-B polarity transition. Because most polarity intervals span less than 1 kyr (Table 1) , they can be easily missed in lower-resolution paleomagnetic records. Temporal resolution, therefore, plays a significant role in documenting the number of short-lived polarity intervals in the M-B transition. In the Weinan [Zhu et al., 1993] , Sanmenxia [Wang et al., 2006] , Lingtai [Spassov et al., 2001] and Duanjiapo loess-paleosol sequences, the M-B transition spanned roughly 50, 50, 30 and 40 cm of section, and consisted of 8, 8, 6, and 6 shortlived polarity intervals, respectively. Spassov et al. [2001] , also studying the Baoji section, described the M-B transition as spanning about 50 cm and comprising six short-lived polarity intervals. Their sampling interval was larger than the one we used and this seems to have led to fewer polarity intervals in their record. Furthermore, work with the Xifeng section has yielded variable results, again due to sampling resolution issues. Two other records of the M-B transition differ from ours. Sun et al. [1993] documented at least 10 short-lived polarity intervals over an interval of 190 cm, while only four short polarity intervals over an interval less than 40 cm was measured by Zhu et al. [1993] . Although the extant M-B transition records are still inconsistent, a number of high-resolution paleomagnetic records from the CLP indicate that multiple rapid polarity swings occurred during the M-B transition.
[33] In addition to these loess M-B transition records, rapidly deposited marine sediments (>10 cm/kyr) have revealed multiple rapid polarity swings during the M-B transition, besides the Osaka Bay sediments mentioned above. At Ocean Drilling Program (ODP) site 983 (Gardar Drift, North Atlantic) where a mean sedimentation rate of about 13 cm/kyr is estimated [Channell and Kleiven, 2000] , the M-B transition consisted of four short-lived polarity intervals, and at ODP 984 (Bjorn Drift, Iceland Basin) where a mean sedimentation of about 12 cm/kyr is estimated [Channell et al., 2004] , the M-B transition yielded 6 shortlived polarity intervals. At ODP site 1082C (South Atlantic) where an average sedimentation rate of about 10.3 cm/kyr is estimated, Yamazaki and Oda [2001] documented two short-lived polarity intervals associated with the M-B transition and a large directional fluctuation zone correlated with the M-B "precursor" [Hartl and Tauxe, 1996] . Marine sediments from the Boso Peninsula, Japan, with accumulation rates of 183-370 cm/kyr yielded 5 rapid polarity swings during the M-B transition [see Okada and Niitsuma, 1989, Figure 7] .
[34] Lava flows are the most accurate paleomagnetic recorder and can often be dated precisely using the 40 Ar/ 39 Ar method. Three polarity swings from 24 lava flows from Haleakala caldera on the island of Maui, Hawaii, which have a weighted mean age of 775.6 ± 1.9 kyr, have been observed to occur during the M-B transition . In addition, there are other instances of rapid polarity swings in lavas, two lava flow records at Steens Mountain show at least three polarity swings occurred in a Miocene polarity reversal [Coe et al., 1995] . These reliable lava paleomagnetic records support the idea that multiple rapid polarity swings can and do occur during polarity transitions.
[35] Multiple rapid polarity swings during the M-B transition observed in this study are also compatible with some features of the geomagnetic transitions from threedimensional numerical simulations of the geodynamo [e.g., Glatzmaier et al., 1999; Coe et al., 2000] . A tomographic simulation, which specified a variable core-mantle boundary (CMB) heat flux patterned after today's Earth [Su et al., 1994] (higher heat flux on the "ring around the Pacific" of high seismic velocity), is thought to be the most relevant for the Earth [Coe and Glen, 2004] . This simulation showed two reversals occurring in a period of 300 kyr. At 40°N, 240°E, the first reversal took about 4.5 kyr, with the pole latitude rapidly crossing the equator three times and additional small excursions before and after the polarity switch. The second tomographic reversal required more than 20 kyr, with multiple rapid polarity swings during this complex reversal and excursions both before and after [Coe et al., 2000] . Thus, numerical simulations of the geodynamo also suggest that multiple rapid polarity swings occur during the M-B transition.
Conclusions
[36] We draw the following conclusions from this study.
[37] 1. Both thermal and AF treatments can effectively isolate the ChRM directions of specimens from weak pedogenesis loess-paleosol units. AF demagnetization does not isolate the ChRM directions in specimens that have undergone strong pedogenesis.
[38] 2. Rock magnetic experiments demonstrated that the samples from the M-B transition intervals have the same magnetic properties as those from the Brunhes normal or Matuyama reversed polarity intervals. The AMS results reveal that the studied sediments all have primary sedimentary fabrics. Stratigraphic records of magnetic parameters in both Xifeng and Baoji sections undergo smooth variations during the M-B transition, without any fluctuations correlated with polarity swings. Therefore, the observed multiple rapid polarity swings during the M-B transition are not due to rock-magnetic or sedimentary causes, and probably reflect geomagnetic field changes.
[39] 3. Two high-resolution paleomagnetic records from the Xifeng and Baoji sections show multiple rapid polarity swings occurred during the M-B transition. The present results, together with those from many high-resolution marine paleomagnetic records, and lava paleomagnetic records, imply that at least some polarity transitions are much more complex than is generally accepted, and are composed of multiple rapid polarity swings.
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